For many applications it would be desirable to be able to control the activity of proteins by using an external signal. In the present study, we have explored the possibility of modulating the activity of a restriction enzyme with light. By cross-linking two suitably located cysteine residues with a bifunctional azobenzene derivative, which can adopt a cis-or trans-configuration when illuminated by UV or blue light, respectively, enzymatic activity can be controlled in a reversible manner. To determine which residues when crosslinked show the largest "photoswitch effect," i.e., difference in activity when illuminated with UV vs. blue light, >30 variants of a single-chain version of the restriction endonuclease PvuII were produced, modified with azobenzene, and tested for DNA cleavage activity. In general, introducing single cross-links in the enzyme leads to only small effects, whereas with multiple cross-links and additional mutations larger effects are observed. Some of the modified variants, which carry the cross-links close to the catalytic center, can be modulated in their DNA cleavage activity by a factor of up to 16 by illumination with UV (azobenzene in cis) and blue light (azobenzene in trans), respectively. The change in activity is achieved in seconds, is fully reversible, and, in the case analyzed, is due to a change in V max rather than K m .
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azobenzene | DNA cleavage | endonuclease | photoswitch | PvuII P roteins exist in nature whose activity can be controlled by light; perhaps one of the best known examples is rhodopsin, which is regulated by the cis∕trans isomerization of its cofactor retinal. For many biological applications it would be desirable to selectively switch the activity of a protein on and off by light in a similar manner (1) . This could be accomplished by the introduction of a photosensitive compound into the protein of interest. Recent developments in photosensitive compounds such as the azobenzene derivatives have made the scenario a reality. Azobenzene can be reversibly isomerized between the extended trans-and the more compact cis-configuration by illumination with UV (trans → cis) or blue-light (cis → trans) as well as by thermal relaxation (cis → trans) (2-4). Four generally applicable approaches have been used to introduce azobenzene groups into peptides or proteins: (i) incorporation during peptide synthesis (5) (6) (7) (8) , (ii) incorporation during in vitro translation (9, 10) , (iii) incorporation in vivo by using an orthogonal tRNA/aminoacyl tRNA synthetase pair specific for phenylalanine-4′-azobenzene (11) , and (iv) chemical modification of peptides and proteins (3, 12, 13) . Another more specific approach is to use azobenzenemodified ligands (e.g., inhibitors) for proteins (14, 15) . Chemical modification, the most widely used of these approaches, can be done with mono-or bifunctional azobenzene derivatives. Modification with monofunctional azobenzene derivatives relies on steric effects (e.g., interference with ligand binding), whereas modification with bifunctional azobenzene derivatives usually is intended to change the conformation of the target molecule, thereby changing its activity. Site-specific modification is achieved by introducing amino residue-specific reacting groups.
For example, bifunctional cross-linkers with a central azobenzene moiety have been synthesized that contain thiol-specific coupling groups to cross-link cysteine residues in a highly specific manner (2, 16, 17) . It has been shown that peptides and proteins can be modified with such bifunctional azobenzene derivatives and that these chemically modified peptides and proteins can be induced to change their conformation and/or their activity in a reversible manner by illumination with light (16, (18) (19) (20) (21) (22) (23) (24) (25) . To date, this is the most promising generally applicable method to produce photoswitchable proteins, in particular when structural information is available (26) . Monofunctional azobenzene derivatives attached to proteins have also been used to regulate protein function by illumination in vitro (27) (28) (29) (30) and in vivo (31) (32) (33) (34) (35) . Whereas few examples are known in which enzymes have been modified with monofunctional azobenzene derivatives or with an azobenzenebearing amino acid such that their catalytic activity could be modulated by light (9, 10, 36, 37) , none so far, to our knowledge, have been controlled by bifunctional azobenzene crosslinkers.
There are a number of applications where the temporal control of an enzyme activity is desirable. Reengineered site-specific endonucleases, such as homing endonucleases, zinc finger nucleases, and restriction endonucleases, are being used for genome engineering (38) . Although highly specific, they exhibit off-site cleavage over time. Presumably, this phenomenon could be minimized by temporal control of their activity, which could be achieved by introducing a "photoswitch." Here, we report that we have succeeded in using the cross-linker 4,4′-bis(maleimido)azobenzene to modify a restriction enzyme in order to control its DNA cleavage activity by photo-induced isomerization of the azobenzene moiety. Our best success relies on a combination of chemical modification and protein mutagenesis to achieve a relative 16-fold change in activity.
Results
We have chosen the single-chain variant of the naturally homodimeric restriction enzyme PvuII (scPvuII) for our study (39) because it allows introducing unique amino acid substitutions in the N-and C-terminal "halves" of the protein. The N-and C-terminal halves of the protein correspond to the identical subunits of the homodimeric PvuII, from which scPvuII was derived by joining the C-terminus of one subunit with the N-terminus of the other with a short four-amino-acid linker. PvuII. In order to generate a photoswitchable variant of scPvuII, several surface-exposed residue pairs were chosen [based on the structure of scPvuII (40) and by using the program sGAL (41)] for cross-linking with the bifunctional azobenzene derivative 4,4′-bis (maleimido)azobenzene (acronym: azomal) (Fig. 1) . The Cγ-Cγ-distances of these residue pairs (∼8 AE 3 Å) approximate the reported range of ∼5-12 Å for azobenzene in the cis-configuration, compared to approximately 17 Å in the trans-configuration (17) . Residue pairs (Fig. 2 ) located in α-helices flanking the DNA binding site (V89/Q96, R129/S133, K147/E151) or loops and β-strands next to the active site (T49/N62, E66/Q96, I74/E110) were selected, in addition to residue pairs connecting the linker region (L 1 -L 4 , see Materials and Methods) between the two halves of scPvuII and residues next to the active site (L/D61 and L/N62). The residues chosen were exchanged for cysteine, resulting in scPvuII variants with one azobenzene cross-link site (doublecysteine variants have one cross-link site) in the N-terminal half of scPvuII and in variants with "equivalent" azobenzene cross-link sites in the N-and C-terminal halves of scPvuII (quadruplecysteine variants have two cross-link sites). Altogether, 11 variants with double-cysteine substitutions and 17 with quadruple-cysteine substitutions were produced (Table S1 ) and modified with azomal. In eight of these, additional amino acid substitutions were introduced that lower the activity by interfering with DNA binding (H83A) (42) and catalysis (Y94F) (43) .
Azomal Modification and Purification of scPvuII Variants. The modification of the scPvuII variants was performed with azomal in the cis-state (i.e., under illumination with UV light), with an average yield of 50-80% modified protein. The crude modified protein preparation contained, in addition to the desired cross-linked species, side products in which only one cysteine residue was modified by a single azomal molecule (not cross-linked) and in which two cysteine residues were modified with one azomal molecule each (not cross-linked). Enrichment of the desired cross-linked species is essential to detect the magnitude of the photoswitch effect because other species can distort the results (Table S2 ). The reaction mixture was therefore subjected to a series of chromatographic steps as described in Materials and Methods. It was demonstrated by a mass spectroscopic analysis that cross-linking by the bifunctional sulfhydryl-reactive azobenzene derivative has been achieved (Fig. S1 ).
Activity of Azomal-Modified scPvuII-Variants in the cis-and trans-
States of Azobenzene. The azomal-modified scPvuII variants were tested for a light-inducible change in activity via the photoswitch. Table 1 shows the ratio of the DNA cleavage activity of all azomal-modified variants measured under UV light (cis) and under blue light (trans). As expected, the unmodified scPvuII and scðC49 C62Þ 2 (i.e., the scPvuII variant carrying the T49C and N62C substitution in both halves of the protein, see Table 1 for naming convention and Fig. 2 for the position of these Fig. 1 . A scheme of the trans → cis isomerization of azomal attached to cysteine residues induced by illumination with UV light and cis → trans isomerization with blue light. It is apparent that the sulfur-sulfur distance is considerably larger in the trans-state than in the cis-state. (40) with the residue pairs chosen for cross-linking with azomal: (C49 C62), ðC61 L 1 ½-GSG C161-Þ, (C66 C96), (C74* C110*), (C89 C96), (C129 C133), and (C147* C151*). Amino acid residues of these residue pairs are depicted in identical colors. For clarity, residue pairs are shown mostly on the N-terminal half (Right), only those that are on the "backside" are shown in the C-terminal half (Left), denoted with an asterisk (*). Note that amino acid pairs were cross-linked in the N-terminal half, when only one cross-link was introduced into scPvuII, or in equivalent positions of the N-and C-terminal halves, when two cross-links were introduced (Table 1) . Amino acids of residue pairs chosen for cross-linking were substituted by cysteines via site-specific mutagenesis. The amino acid residues of the active site (D58, E68, and K70) are indicated in orange. H83 (green) and Y94 (blue), which in some variants were substituted by alanine and phenylalanine, respectively, are also indicated. (B) A blow up of the region comprising β-strands β1, β2, and β3 and the catalytic center is shown, together with a model of azomal cross-linking C49 and C62.
residues in the structure of scPvuII) and scðC49 C62Þ 2 ðF94Þ 2 have the same activity under UV and blue-light illumination. On the other hand, several of the azomal-modified variants show a higher activity when the azobenzene moiety adopts the cis-configuration as compared to the trans-configuration. In general, larger effects are seen when the azomal modification is in both halves of the scPvuII protein. For example, scðC49 C62Þ 2 Azo has an approximately 7-fold higher activity in the cis-state than in the trans-state; in contrast, the corresponding variant with only one half modified [scðC49 C62ÞAzo] showed only an approximately 2-fold increase (Table 1) . It is also noteworthy that the azomal modifications close to the active site have a larger impact on the cis∕trans activity ratio than azomal modifications in α-helices flanking the DNA binding site. In an effort to increase the cis∕trans activity ratio, additional amino acid substitutions were introduced independently: H83A and Y94F, which lower the cleavage activity of wtPvuII (42, 43) . The scðC49 C62Þ 2 ðF94Þ 2 Azo (i.e., the scðC49 C62Þ 2 Azo variant with the additional Y94F substitution in both halves of the protein) has an approximately 16-fold higher activity in the cis-than in the trans-state of the azobenzene moiety, the largest effect that we observed so far for a photoswitchable scPvuII variant (Table 1) . A similar photoswitching effect was observed for scðC61 L 4 Þ ðC49 Ã C62 Ã ÞðF94Þ 2 Azo (i.e., the scPvuII variant with a cross-link between C61 and a cysteine in the linker L 4 , and an additional C49* C62* cross-link in the C-terminal half, together with Y94F substitutions in both halves of the protein).
Activity of Azomal-Modified Homodimeric PvuII Variants in the cis-
and trans-States of Azobenzene. Given that the modified scPvuII variants with identical modifications in both the N-and C-terminal halves showed larger photoswitch effects than the variants that were only modified in one half, we wondered whether analogous homodimeric PvuII variants when modified in both subunits would show a similar photoswitch effect. We have analyzed this for two variants and found that the homodimeric PvuII variants showed a lower photoswitch effect (Table 1) . Most likely the homodimeric variant is more flexible than the sc variant and can adapt better to conformational strains imposed by the cis vs. trans configurations of the azobenzene moiety. All variants produced for this study are indicated with their cysteine substitutions (see Table S1 for further information). The ratio of activities of the azomal-modified proteins in the trans-and cis-state (AE standard deviation) are given, as derived from plasmid cleavage assays after blue-light and UV-light preillumination, respectively, under otherwise identical conditions. The nomenclature of the variants is as follows: sc(C49 C62) carries cysteine residues in positions 49 and 62 in the N-terminal half of scPvuII, sc(C49* C62*) carries cysteine residues in the equivalent positions 49 and 62 in the C-terminal half of scPvuII, scðC49 C62Þ 2 carries cysteine residues in positions 49 and 62 in the N-and C-terminal halves, and sc(C49 C62)Azo is the sc(C49 C62) variant with an azomal cross-link between the two cysteine residues. Reversibility of Photoswitching. To demonstrate that photoswitching is reversible, the scðC49 C62Þ 2 Azo variant, which shows a cis∕trans activity ratio of approximately 7, was subjected to a blue → UV → blue → UV light illumination protocol, and the activity was measured under these conditions. As shown in Figs. 3A and Fig. S2 , the activity changes are fully reversible. The reversibility was also observed during the cleavage reaction by using alternating illumination of the reaction mixture with blue and UV light (Fig. 3B) . Experiments similar to those shown in Fig. 3B were also carried out with the scðC49 C62Þ 2 ðF94Þ 2 Azo variant, which shows a cis∕trans activity ratio of approximately 16 (Fig. S3 ). For this variant the thermal relaxation rate was measured by using a DNA cleavage experiment. Incubation in the dark after a period of UV-light illumination leads to the thermal relaxation of the enzyme-attached azobenzene moiety from the cis-to the trans-state with a half-life of approximately 6 h at 4°C (Fig. 4) . It is noteworthy that the relaxation from the more active cis state to the less active trans state suppresses off-site cleavage (Fig. S4) .
Mechanistic Analysis of the Photoswitching Effect. Since the largest photoswitching effect was observed with variants that had the modification close to the active site, we assumed that the effect was due to differences in V max rather than in K m . The MichaelisMenten analysis showed that the scðC49 C62Þ 2 Azo variant has a V max of 10.3 AE 0.9 nM min −1 and a K m of 25.4 AE 2.9 nM in the cis-state, and a V max of 2.2 AE 0.1 nM min −1 and a K m of 16.7 AE 1.3 nM in the trans-state, meaning that the effect observed is mainly due to differences in V max (Fig. 5 ).
Discussion
We have been interested in being able to control the activity of restriction and homing endonucleases for gene targeting in vivo to prevent off-site cleavage before or after the specific DNA cleavage event has taken place. We focused our studies on the restriction enzyme PvuII, for which we had shown previously that targeting to specific sites in genomic DNA in vitro can be achieved by fusing it to a triple-helix forming oligonucleotide (TFO) and thereby extending its six-base-pair recognition by 16 base pairs (44) . However, for in vivo purposes it is necessary to control the nuclease activity such that the scPvuII-TFO fusion can be activated only after a stable triple helix has been formed and inactivated after double-strand cleavage has taken place. Temporal control of nuclease activity would be of interest also for other types of meganucleases, i.e., engineered homing endonucleases and zinc finger nucleases, to minimize the problem of off-site cleavage after long exposure of cells to these enzymes.
Azobenzene has been widely used for reversible switching by light between alternative conformations of peptides and proteins. Different approaches have been used to incorporate azobenzene into peptides and proteins. We have chosen the chemical modification approach using bifunctional azobenzene derivatives to cross-link selected amino acid residues (16) .
If one wants to modulate the activity of an enzyme by attaching an azobenzene moiety to two positions and thereby cross-linking them, sites must be selected that are either close to the substrate binding site or the catalytic center, or are located at critical regions in the protein, which are likely to react in a sensitive manner when modified. Previous studies with azobenzene derivatives have shown that cross-linking two residues within an α-helix leads to a light-induced change in helical content (3, 13, 16, 18, 20, 25) . Following this strategy, we introduced cross-linking sites in three α-helices, two of them located in the DNA binding subdomain (C89-C96 and C129-C133, respectively) and one of them in the catalytic subdomain (C147-C151) ( Fig. 2A) . A similar strategy was followed by choosing azobenzene cross-linking sites that involve β-sheets and loop regions adjacent to the active site (D58, E68, and K70; see Fig. 2A ). Residue pairs C49-C62, C74-C110, and C66-C96 were chosen to test this strategy. Cysteines were also introduced in the linker between the two halves of scPvuII at different positions as anchor points for azobenzene attachment to be cross-linked with C61 and C62, located close to the active site residue D58. Cross-linking these sites with azomal could support catalysis with azobenzene in the cis-state as suggested by inspection of the scPvuII structure, whereas isomerization to the trans-state could "push" the β-strands harboring the catalytic center apart, which may result in disruption of the integrity of the catalytic center and cause inactivation of the enzymatic function.
The DNA cleavage activity of the azobenzene-modified scPvuII variants was measured under UV-and blue light to evaluate the photoswitch effect (Table 1) . Variants with modification of α-helices close to the DNA binding site showed no or only Fig. 4 . Activity changes of scðC49 C62Þ 2 ðF94Þ 2 Azo. scðC49 C62Þ 2 ðF94Þ 2 Azo was illuminated with blue light → UV light → blue light → UV light, interrupted by a long incubation in the dark. DNA cleavage activity was determined by a DNA cleavage assay (4 nM DNA, 12 nM enzyme) under illumination with blue or UV light and during incubation in the dark, respectively. On the Top the gel electrophoretic analysis is shown, and on the Bottom the plot of the absolute activities as determined in the respective illumination states is shown. small changes in activity upon specific illumination (cis∕trans activity ratio <1.5). Compared to small helical proteins (19, 20, 23) , the "mechanical stress" due to the azobenzene isomerization in a large protein may not be sufficient to distort an α-helix embedded in a complex tertiary structure, or the conformational change in the protein induced by the azobenzene isomerization is small and compatible with preserving the activity of the enzyme. In contrast, the variants that are supposed to influence catalytic site formation show a larger effect (up to approximately 2-fold) in cleavage activity upon specific illumination, which could be increased (up to approximately 7-fold) by cross-linking also the equivalent positions in the C-terminal half of the protein (Table 1) . We conclude from these results that regions close to the active site are sensitive to slight conformational distortions induced by the azobenzene isomerization.
It could be shown that additional amino acid substitutions that lower the activity of PvuII can increase the photoswitch effect (up to approximately 16-fold). Amino acid substitutions that affect the enzyme activity in binding (H83A) or catalysis (Y94F) seem to influence the cleavage rate in the cis-and the trans-state of the azobenzene moiety differently, i.e., the activity in the trans-state is more affected than the activity in the cis-state, thus the overall photoswitching effect is increased.
Introducing symmetric substitutions in both halves of the enzyme seem to give the best results, as in scðC49 C62Þ 2 Azo and scðC49 C62Þ 2 ðF94Þ 2 Azo. The photoswitching effects in the corresponding homodimeric wtPvuII variants (wtðC49 C62Þ 2 Azo and wtðC49 C62Þ 2 ðF94Þ 2 Azo) are not as pronounced as in the single-chain variant; presumably the homodimer might escape the catalytic site disturbance of the tethered azobenzene moiety more easily due to higher flexibility.
With two of the variants we demonstrated complete reversibility of the photoswitching: it could be shown that with a blue → UV → blue → UV, etc. light illumination protocol the increase in activity could be repeatedly obtained. Photoswitching is very fast, as can be seen when the change in the wavelength of illumination is carried out in the presence of DNA (i.e., during catalysis) and the DNA cleavage activity monitored in situ.
We wondered, whether the cis∕trans effect is due to a change in K m or V max : Steady-state kinetic experiments demonstrate that the K m value in contrast to the V max value is largely unchanged upon switching from the cis-to the trans-state. This was expected for a variant that carries the cross-link close to the catalytic center.
In conclusion, we have succeeded in producing a photoswitchable restriction enzyme, which upon illumination exhibits an up to 16-fold increase in DNA cleavage activity by switching the configuration of the incorporated azobenzene moieties from trans to cis. The fact that we were able to increase the cis∕trans effect by combination of several cross-links and introduction of additional amino acid substitutions suggests that it could be possible to eventually obtain a restriction enzyme that can be controlled by light, within the limits imposed by the photochemistry of azobenzene derivatives (45) , which should make conjugates of restriction enzymes with additional DNA recognition modules including zinc fingers more suitable for in vivo gene targeting.
Materials and Methods
Protein Expression and Purification. The mutated scPvuII-gene with the coding sequence for a C-terminal His 6 -tag was cloned into the expression vector pRIZ ′ (39). pRIZ′ was used to transform the Escherichia coli strain XL10-Gold, which was previously transformed with the pLGM plasmid containing the gene coding for the PvuII methyltransferase. All genetic constructs were confirmed by DNA sequencing over the entire coding region. Cultures were grown at 37°C to OD 600 ≈ 0.7 and protein expression was induced by the addition of 1 mM IPTG. After 3 h of induction, cells were harvested by centrifugation, and the pellet was stored at −20°C. The cell pellet was resuspended in 30 mM K-phosphate pH 7.4, 500 mM NaCl, 0.01% wt/vol Lubrol, 20 mM imidazol, 1 mM PMSF and lysed by sonication. Cell debris was removed by centrifugation (>17; 000 g) for 30 min at 4°C. The recombinant His-tagged proteins were purified by affinity chromatography over Ni-NTA agarose (Qiagen) using 30 mM K-phosphate pH 7.4, 500 mM NaCl, 0.01% wt/vol Lubrol, 5 mM EDTA, 200 mM imidazol, 5 mM DTT. Fractions containing pure protein were dialyzed overnight at 4°C against 20 mM K-phosphate buffer pH 7.4, containing 150 mM KCl, 50% vol/vol glycerol and stored at −20°C. Protein purification was monitored by SDS-PAGE analysis, and protein concentration was determined by absorbance measurements at 280 nm. The accessibility of the introduced cysteines was checked by modification of the scPvuII variants with PEG-maleimide (Pierce), which results in a 2.3-kDa mass shift in SDS-PAGE analysis. DNA cleavage activity was analyzed by using supercoiled pAT153 tri plasmid DNA as substrate, which has a single PvuII site.
Linker Variations. The four-amino-acid linker sequence (-GSGG-) in the original scPvuII was exchanged for another four-amino-acid linker (L 1 ≡ -GSGC-) or for different eight-amino-acid linkers (L 2 ≡ -GSGCGTGG-, L 3 ≡ -GSGTGCGG-, and L 4 ≡ -GSGTGSGC-Þ, each with a cysteine residue for azomal attachment.
Protein Labeling with Azomal and Purification of Modified scPvuII Variants. The scPvuII variants, diluted to 5 μM protein concentration with 50 mM K-phosphate pH 7.4, 500 mM NaCl, were incubated with a 2-fold molar excess of azomal (dissolved in DMSO and kept in the cis-configuration by illumination with UV light) over cysteine residues for 10 min at ambient temperature. Cross-linking yield was monitored by additional modification with a 50-fold molar excess (over cysteines) of PEG-maleimide to an aliquot of the reaction mixture. Purification of protein species with two cysteine residues crosslinked with azomal from protein species in which two neighboring cysteine residues each carry an azomal group was performed by adding a 125-fold molar excess (over cysteine residues) of thiolactic acid (which adds extra negative charges and thereby allows removing scPvuII variants with unreacted maleimide groups by anion exchange chromatography), incubation for 10 min at ambient temperature and subsequent centrifugation (5 min, 20,000 g, 4°C), desalting [HiTrap Desalting 5-mL column (GE Healthcare)], and anion exchange chromatography [ResourceQ 1-mL column (GE Healthcare)]. The first azobenzene-containing peak was collected, dialyzed against dialysis buffer (see above), and analyzed for photoswitching effects by an activity assay under specific illumination. Protein concentration was estimated by SDS-PAGE analysis with silver staining using unlabeled protein as reference.
Photoisomerization of Azobenzene. Photoisomerization of azobenzene to the trans-state was achieved by illumination with a blue-light source based on a light-emitting diode (470 nm AE 10 nm; 3-μmol photons m −2 s −1 ) for 2 min at a distance of 15 cm. For isomerization to the cis-state, the sample was illuminated for 4 min with a UV lamp (365 nm, 6 W) at a distance of 9 cm.
Activity Assay Under Specific Illumination. Azomal-modified protein preparations were incubated with 4 nM supercoiled pAT153 tri plasmid DNA in cleavage buffer (10 mM Tris-HCl pH 7.2, 50 mM NaCl, 10 mM DTT, 0.1 mg∕mL bovine serum albumin, 1 mM MgCl 2 ) at 37°C. Specific illumination was performed either by preillumination of the azomal-modified protein preparation followed by a cleavage reaction under specific illumination or by variation of blue-or UV-light illumination directly during the cleavage reaction. The linearized cleavage product was analyzed by agarose gel electrophoresis; gels were stained with ethidium bromide, and the fluorescence was measured with a BioDocAnalyze system (Biometra) and quantitated.
Steady-State Kinetic Analysis. Michaelis-Menten analysis was performed by using a [α-32 P]-labeled 229-base-pair PCR product as substrate. Substrate DNA (1.8 to 121.8 nM) was incubated with a 2.4-nM concentration of azomalmodified scPvuII-variants in cleavage buffer containing 10 mM MgCl 2 under UV-light and blue-light illumination, respectively, at 37°C. The reaction progress was analyzed after 0, 0.5, 1, 1.5, 2, 2.5, 3, 5, and 8 min by electrophoresis on 10% polyacrylamide gels; substrate and product bands were visualized with an InstantImager system (Packard) and quantified by using the InstantImager software. Initial rates were plotted vs. substrate concentration and analyzed in terms of K m and V max by nonlinear regression analysis.
